To demonstrate an involvement of ATP-sensitive potassium (K ATP ) channelindependent pathways in the first phase of glucose-stimulated insulin secretion (GSIS) from pancreatic β cells, the time course of GSIS from MIN6 cells was analyzed at 30-s sample intervals. GSIS was biphasic with the first phase being observed 120 to 390 s after glucose addition, peaking at 180 s, and with a shoulder at 240 to 330 s. Both 10 µM diazoxide and 3 µM verapamil completely inhibited tolbutamide-or glibenclamide-induced insulin secretion and suppressed the peak of the first phase of GSIS, but did not result in complete suppression. The shoulder following the peak was suppressed by 1 µM dantrolene. The peak, but not shoulder, disappeared under the extracellular Ca 2+ -free condition. A significant amount of insulin secretion remained even in the combined presence of verapamil and dantrolene. The Na + channel blocker tetrodotoxin (30 nM) nearly completely inhibited the first phase release. These results suggest that the first phase of GSIS from MIN6 cells depends on both Ca 2+ -dependent and -independent mechanisms. The former mechanism includes the extracellular Ca 2+ influx via L-type voltagedependent calcium channel and intracellular Ca 2+ release from endoplasmic reticulum via ryanodine receptors, and the latter mechanism involves the pathways associated with Na + channels.
Introduction
The precise cellular mechanism of biphasic insulin secretion induced by glucose stimulation remains unclear. The ATP-sensitive potassium (K ATP ) channel mechanism has been widely accepted to be a major pathway in the first phase insulin secretion but additional mechanisms cannot be excluded. Increase of the intracellular calcium concentration has been proved to be an important process in glucose-stimulated insulin secretion (GSIS). This process involves an increase of ATP/ ADP ratio in pancreatic β cells, closure of K ATP channels, depolarization of cell membrane, and opening of L-type voltage-dependent calcium channels (1, 2) . On the other hand, it has been also shown that GSIS can occur independently of closure of K ATP channel, thus without influx of extracellular calcium (3) . This possibility has been confirmed by using knockout mice lacking either the sulfonylurea receptor 1 (SUR1) or Kir6.2 genes, the two obligate subunits of functional K ATP channels (4) . Thus, glucose-stimulated biphasic insulin secretion from pancreatic β cells seems to involve K ATP -channel-independent pathways. However, it remains to be elucidated whether K ATP channel closure and influx of extracellular Ca 2+ are required for the K ATP -channel -independent pathway to occur at all.
Activation of the K ATP -channel-dependent pathway results in exocytosis of immediately releasable granules that is responsible for the first phase of GSIS. The rate-limiting step for the first phase insulin secretion is dependent on the time required for glucose metabolism to generate the intracellular signal that triggers electrical activity and the increase in intracellular Ca 2+ concentra-tion. On the other hand, the second phase is known to be due mainly to K ATP -channel-independent pathways (5) . Although the behavior of insulin granules before, during, and after exocytosis have been documented in some detail by two photon excitation (6) and total internal reflection fluorescence (7) , the cell biology of biphasic insulin secretion is still only partially understood.
In the present study, we assessed the contribution of K ATP channel-independent pathways in the first phase of GSIS using mouse islets as well as MIN6 cells, a highly differentiated insulinoma derived cell line. We demonstrate that first phase insulin secretion involves K ATPchannel-dependent as well as K ATP -channel-independent mechanisms.
Materials and Methods

Animals
Male ddY-strain mice (8 -10 weeks of age; Shizuoka Laboratories, Shizuoka) were given free access to tap water and food under normal condition before isolation of islets. The protocol was reviewed and approved by the Committee for Institutional Laboratory Animal Care of Kawasaki Medical School.
Reagents
Collagenase XI, tolbutamide, and glibenclamide were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). Mouse insulin enzyme-linked immunosorbent assay (ELISA) kits were purchased from Shibayagi (Gunma). Lactate dehydrogenase (LDH) cytotoxicity detection kit was purchased from Takara (Otsu). Dantrolene was purchased from Tocris Cookson, Ltd. (Northpoint, UK), and verapamil was from Nacalai Tesque, Inc. (Kyoto). Diazoxide and tetrodotoxin were obtained from Wako Pure Chemical Industries Ltd. (Osaka). Other chemicals used were obtained from local suppliers and of analytic grade.
Isolation and perfusion of islets
Isolation of islets was carried out as previously described with a minor modification (8) . Briefly, mice were anesthetized by intraperitoneal injection with sodium thiopental. Collagenase solution (2.5 ml; 1 mg / ml BSA in Hanks' balanced salt solution, pH 7.4) was injected into the bile duct to inflate the pancreatic tissue.
The pancreatic sample was incubated with collagenase solution at 37°C for 8.5 min for digestion. After digestion, islets were selected using a stereoscopic microscope and washed in Krebs-Ringer bicarbonate HEPES buffer (KRBH;135 mM NaCl, 3.6 mM KCl, 2 mM NaHCO 3 , 0.5 mM NaH 2 PO 4 , 0.5 mM MgCl 2 , 1.5 mM CaCl 2 , and 10 mM HEPES, 3.0 mM glucose, pH 7.4, 95% O 2 / 5% CO 2 saturated). Twenty islets were placed in a chamber and perfused with KRBH for 60 min prior to addition of KRBH with 10 mM glucose. Flow rate of the perfusate was 1 ml / min. Dead space was confirmed by phenol red. The temperature of the perfusate was kept at 37°C. Aliquots of 0.5-ml perfusate were collected sequentially in 30-s intervals during perfusion and were kept at 4°C pending measurements of insulin, which were performed immediately after completion of each experiment using a mouse insulin ELISA kit.
MIN6 cell culture and insulin secretion analysis
The MIN6 cells were a kind gift from Dr. Junichi Miyazaki of Osaka University (9) . The cells (passages 20 -30) were cultured with modified DMEM (containing 15% FBS, 5 µl / l 2-mercaptoethanol, 50 U / ml penicillin, 50 µg / ml streptomycin, 3.3 g / l NaHCO 3 , and 25 mM glucose) in tissue culture flasks under humidified atmosphere at 37°C with 5% CO 2 / 95% air. The culture medium was removed and replaced with fresh media every 24 h and the cells were used for experiments when they were 80% confluent.
For determination of insulin secretion, MIN6 cells were cultured in a 35-mm-diameter dish with 2 ml of the medium for 72 h and then preincubated for 30 min in 1 ml of KRBH. The cells were pretreated with diazoxide, verapamil, dantrolene, and tetrodotoxin for 60 s before glucose stimulation. Following the pretreatment, the buffer was exchanged for a medium containing 10 mM glucose in KRBH with or without agents. The buffer was quickly collected by aspiration every 30 s with addition of the fresh buffer. After the buffer collection, insulin left in the sample tube was confirmed to be below the detection sensitivity of insulin measurement. The same protocol was used for testing the effects of the sulfonylureas. Ca 2+ -free KRBH (135 mM NaCl, 3.6 mM KCl, 2 mM NaHCO 3 , 0.5 mM NaH 2 PO 4 , 0.5 mM MgCl 2 , 1.0 mM EGTA, 10 mM HEPES, and 3.0 mM glucose, pH 7.4, 95% O 2 / 5% CO 2 saturated) was used in the experiments assessing the influence of the extracellular calcium. In this experiment, Ca 2+ free KRBH was added 60 s before glucose stimulation. Insulin content was measured by the same method as used in the islet study.
Determination of effective dose
In order to establish the optimal concentrations of the reagent to be used, the dose-response relationship and IC 50 were determined by preincubation with KRBH buffer for 30 min. The preincubation medium was then replaced by a test buffer containing 10 mM glucose and various concentrations of reagent and incubated for another 10 min. Dose efficiency was expressed as % of control for insulin release over 10-min incubation relative to that observed in the absence of the compound.
Cytotoxicity study
The LDH in the perfusate was measured by an LDH cytotoxicity detection kit in all experiments using reagents to assess the cell damage. For examining the leakage of LDH activity from MIN6 cells by the exposure to drugs, LDH activity released from MIN6 cells was measured essentially as previously reported (10) . Briefly, the incubation buffer was aspirated and pooled and the cells were washed three times with icecold KRBH. Thereafter, the cells were incubated in KRBH at 37°C for 4 h without drugs. The incubation buffer was pooled again, and the cells were dissolved with 2% Triton X-100. Activities of LDH in the pooled incubation buffer and the dissolved cells were measured using an LDH cytotoxicity detection kit. The leakage of LDH activity into the incubation buffer was represented as a percentage of total LDH activity (activity determined in the buffer plus that detected in the dissolved cells).
Measurement of [ 45 Ca 2+ ] influx into the MIN6 cells
[ 45 Ca 2+ ] influx into the MIN6 cells was measured as previously reported (11) . MIN6 cells were preincubated for 30 min in KRBH buffer. Following the incubation with Ca 2+ -free KRBH at 37°C for 10 min, the buffer was exchanged with fresh and warm (37°C) Ca 2+ -free KRBH. The reaction was initiated by the addition of 2.7 mM [ 45 Ca 2+ ]Cl 2 (3.7 MBq [ 45 Ca 2+ ]Cl 2 per dish) and 10 mM glucose with or without 30 nM tetrodotoxin. The cells were incubated at 37°C for 5 min. The reaction was terminated by rapid aspiration of the buffer containing [ 45 Ca 2+ ]Cl 2 , followed by washing of the cells 5 times with ice-cold KRBH. The cells were the detached with 0.5 N NaOH. The procedure to stop the reaction was carried out within 40 s. An aliquot of alkaline-digested cells was neutralized with equimolar acetic acid and radioactivity accumulated within the cells was assayed by liquid scintillation spectrometry using BioFluor scintillation cocktail (DuPont, Boston, MA, USA). Tetrodotoxin was added into the buffer 5 s before the addition of [ 45 Ca 2+ ]Cl 2 . The content of protein in the alkaline-digested MIN6 cells was measured by the method of Lowry (12) using bovine serum albumin as standard.
Immunohistochemical study on Na + channel
Immunohistochemical study was carried out accord-ing to the method previously reported (13) with a minor modification. The cells were fixed with 0.1 M phosphate-buffered saline (PBS; pH 7.4) containing 4% paraformaldehyde, 0.2% picric acid, and 0.3% glutaraldehyde (4°C, 10 min); and then they were fixed again with 4% paraformaldehyde and 0.2% picric acid dissolved in 0.1 M PBS (4°C, 30 min). After washing five times with 15% sucrose-containing 0.1 M PBS, the cells were incubated with the same sucrose buffer (4°C, 2 days) and then with 0.3% Triton X-100-containing 0.1 M PBS (4°C, 4 days). Immunostaining of Na + channel was performed by using an ABC kit (Vector, Burlingame, CA, USA) with 1st antibody: anti pan Nav (Alomone, Jerusalem, Israel), diluted 1 / 50.
Statistical analysis
Each value represents the means ± S.D. The number of observations was described in each figure legend.
Results
GSIS profiles from isolated islets and MIN6 cells
GSIS from isolated islets and MIN6 cells was dosedependent ( Fig. 1: A and B ). Because 10 mM glucose was close to the EC 50 in mouse islets and produced nearly complete stimulation in MIN6 cells, this concentration of glucose was chosen for the subsequent experiments. In both mouse islets and MIN6 cells, addition of 10 mM glucose evoked a biphasic stimulation of insulin secretion consisting of a rapid first phase peaking at approximately 180 s after onset of glucose infusion, followed by a second phase. Interestingly, insulin secretion from the MIN6-cells appeared to be pulsatile and a second peak of insulin secretion was seen approximately 500 s after addition of glucose (Fig. 1C ). In addition, both MIN6-cells and mouse islet exhibit an obvious shoulder between 240 and 390 s. Since the first phase of GSIS from MIN6 cells exhibited the same profile as shown in the islet experiments, the following experiments were carried out using MIN6 cells. The similarity of MIN6 cell function to that of mouse islets had been well documented previously (9, 14) .
Dose-inhibition relationship for reagents
We studied the effects of dose increase for diazoxide (an activator of K ATP channels), verapamil (a blocker of L-type Ca 2+ channels), dantrolene (an inhibitor of intracellular Ca 2+ release channels), and tetrodotoxin (a blocker of voltage-gated Na + channels) on glucoseinduced (10 mM) insulin secretion (Fig. 2) . Except for a high concentration of diazoxide (100 µM or more), none of the agents produced complete inhibition of secretion; the inhibition was 50% for verapamil and tetrodotoxin and approximately 20% for dantrolene.
We next studied the ability of diazoxide and verapamil to antagonize sulfonylurea-induced insulin secretion. Both tolbutamide-and glibenclamidestimulated insulin secretions from MIN6 cells were in a dose-dependent manner with maximal stimulation being observed at 10 µM and 3 nM, respectively ( Fig. 3:  A and B) . Concentrations of glibenclamide >3 nM resulted in a progressive reduction of secretion, and insulin release at 30 nM of the compound was not different from the control. We also studied the kinetics of tolbutamide-and glibenclamide-induced insulin secretion. Whereas tolbutamide (3 µM) induced a single peak insulin secretion at 120 s, glibenclamide (1 nM) induced several peaks from 120 -420 s after application of the drug. Regardless of whether secretion was elicited by tolbutamide or glibenclamide, insulin release was completely inhibited by addition of 10 µM diazoxide or 3 µM verapamil ( Fig. 3: C and D) .
Cytotoxicity study demonstrated an increased LDH leakage (2-3-fold vs control) in the presence of high concentrations of diazoxide (100 µM).
Effects of diazoxide and verapamil on GSIS
The effects of diazoxide and verapamil on GSIS from MIN6 cells are shown in Fig. 4 , A and B. Addition of 10 µM diazoxide suppressed the peak first phase insulin release (120 -240 s), but had no effect on secretion at times later than 240 s after onset of glucose stimulation. The same observation was confirmed by addition of 3 µM verapamil. The effects of both diazoxide and verapamil were both mimicked by removal of extracellular Ca 2+ (Fig. 4C) suggesting that the initial part of the first phase depends exclusively on influx of extracellular Ca 2+ .
Effects of dantrolene on GSIS
The shoulder corresponding to the second half of the first phase (240 -390 s) of GSIS from MIN6 cells, the component was not affected by diazoxide and verapamil and removal of extracellular Ca 2+ . However, as shown in Fig. 5A , it was suppressed by addition of 1 µM dantrolene, a nonspecific blocker of calcium efflux from endoplasmic reticulum. Importantly, the dantrolene-blockable component of secretion remained observable after the addition of 3 µM verapamil (Fig. 5B ). Addition of caffeine, which is well known to activate ryanodine receptors, induced insulin secretion from MIN6 cells, and dantrolene suppressed its effect (data not shown).
Effects of tetrodotoxin on GSIS
Addition of 30 nM tetrodotoxin, a selective Na +channel inhibitor, abolished the first phase insulin secretion and produced a substantial reduction of second phase GSIS (Fig. 6A) . Furthermore, the same dose of tetrodotoxin inhibited insulin secretion induced by 3 µM tolbutamide or 1 nM glibenclamide (Fig. 7) . The effect of tetrodotoxin was not affected by verapamil and dantrolene (data not shown), and in concomitant addi- tion of glucose and tetrodotoxin, [ 45 Ca 2+ ] uptake was not different from that under basal conditions (Fig. 6B ). Immunohistochemical study confirmed the existence of Na + channel in MIN6 cells (Fig. 8 ).
Discussion
In this study, we provide evidence that the first phase of GSIS from MIN6 cells is not strictly dependent on influx of extracellular Ca 2+ . The present data suggest that first phase insulin secretion from MIN6 cells consists of at least three components: one dependent on influx of L-type voltage-dependent calcium channel (component 1), one involving calcium release from endoplasmic reticulum via ryanodine receptors (component 2), and the final one that somehow involves voltage-gated Na + channels (component 3). Our experiment demonstrated that components 2 and 3 are independent of an increase of Ca 2+ entry into the cells since these components were not affected in the condition of extracellular calcium depletion.
Previous reports demonstrated that the first phase of GSIS was completely inhibited by a direct intervention to the K ATP channel / L-type voltage-dependent calcium channel pathway (15 -17) . However, some proportion of GSIS independent of the K ATP -channel-dependent mechanism may possibly to exist under physiological conditions. Wollheim et al. demonstrated that a complete inhibition of L-type voltage-dependent calcium channel by 5 µM verapamil failed to abolish the first phase of GSIS from rat islets and suggested the role of the intracellular calcium (18) . Other observations further revealed that insulin secretion was still observed in the extracellular Ca 2+ -free condition or in the presence of K ATP channel opener and L-type voltage-dependent calcium channel blocker (3, 19) . Niki et al. demonstrated that Ca 2+ influx was not necessary to trigger glucoseinduced pre-exocytotic events (19) . It is known that the intracellular Ca 2+ concentration is increased in the extracellular Ca 2+ -free condition (20) .
The concentrations of diazoxide and dantrolene used in our study were significantly lower than those in the previous study (16, 17) . Concentrations of all reagents used in this study were selected on the basis of the observed IC 50 -values and are in general within the range used clinically. The dose of diazoxide used in this study induced a complete suppression of insulin secretion enhanced by approximately maximal concentration of glibenclamide.
The existence of the shoulder (component 2) during the latter half part of the first phase of insulin secretion had been already depicted in figures without detailed explanation in previous studies under physiological conditions (21, 22) . Suppression of the component 2 by dantrolene, a non-specific inhibitor of ryanodine receptors, may suggest the involvement of cyclic ADPribose as an agonist of the ryanodine receptor (23, 24) . Okamoto et al. demonstrated a calcium release from endoplasmic reticulum induced by cyclic ADP-ribose, and the cyclic ADP-ribose level is known to reach its peak within 5 min after glucose stimulation (25, 26) . Thus, it is strongly suggested that the appearance of the component 2 at around 5 min during glucose stimulation is a result of an increase of calcium release from endoplasmic reticulum.
Even in the presence of verapamil and dantrolene, almost 70% of total insulin secretion during glucose stimulation for 10 min was still maintained, suggesting the presence of other major pathways contributing to both the first and second phases distinct from K ATP channel / L-type voltage-dependent calcium channel and endoplasmic reticulum. Then we attempted to assess the role of Na + channel, whose existence in pancreatic islet has been documented (27 -29) and is known to modulate the electrical activity. A few reports suggested the involvement of Na + current in insulin release (30 -32) , but a physiological role of this channel on GSIS has been unclear in detail. Although few data support the existence of Na + channel in mouse pancreatic β cells (33, 34) , we could detect this channel in MIN6 cells by using an immunohistochemical method.
In the present study, addition of tetrodotoxin showed a complete suppression of component 1, 2, and 3, suggesting the contribution of Na + channel in component 3. Using mouse islets, Roe et al. demonstrated that the mechanism of glucose-induced intracellular Ca 2+ release included a caffeine-sensitive but ryanodine-insensitive pathway in addition to the major component through voltage-dependent calcium channel (35) . Interestingly, in the absence of external Ca 2+ , glucose still caused intracellular Ca 2+ release, which was inhibited by tetrodotoxin. On the other hand, the intracellular Ca 2+ release induced by depolarization of the islet with KCl was resistant to tetrodotoxin. Thus the authors concluded that glucose release of intracellular Ca 2+ was dependent upon depolarization alone, possibly through increasing inositol 1,4,5-trisphosphate production. The effects of tetrodotoxin observed in our study did not differ from the results reported previously (35) , and the involvement of IP 3 -dependent and NAADP-dependent systems were not excluded. Tetrodotoxin inhibition of [ 45 Ca 2+ ] influx observed in this study implies that K ATP channel-dependent membrane depolarization is associated with Na + channel and the intracellular calcium flux from endoplasmic reticulum is also affected by membrane stability through Na + channels. Component 3 was the first to appear together with component 1 and seemed to constitute a basal release in the first phase of insulin secretion. Furthermore, our results suggested that membrane Na + channel stimulation might be required for the development and maintenance of the second phase of GSIS.
In summary, our study advocates a hypothesis that the extracellular calcium influx is not always required in the first phase of GSIS from pancreatic β cells. However, the present results were observed in a clonal mouse β cell line and in the limited condition such as a sub-maximal inhibition of K ATP -channel. Thus, it is still unknown whether the results observed in this study are universal or not. The present results were obtained by a physiological and pharmacological approach. The molecular mechanism of signal transduction related to K ATP channel independent pathways remains to be further investigated.
